The acute and delayed effects of anoxia on synap tic transmission and long-term potentiation (L TP) were exam ined in the CAl region of rat hippocampal slices. Oxygen deprivation for 20 minutes completely but reversibly depressed excitatory postsynaptic potentials mediated by both N-methyl D-aspartate receptors (NMDAR) and non-NMDAR. Although LTP was reliably produced by a single tetanus delivered 30 minutes after reoxygenation, LTP could not be induced when a tetanus was delivered 70 to 100 minutes after reoxygenation. A tetanus delivered 100 minutes after reoxygenation produced lasting synaptic enhancement when 100 f,LmollL D,L-amino phosphonovaleric acid (APV), a competitive NMDAR antago nist, was administered during the period of oxygen deprivation.
The delayed effects of oxygen deprivation were not blocked when APV was administered after oxygen deprivation. Simi larly, the delayed effects on LTP induction were overcome by inhibitors of nitric oxide synthase when the nitric oxide syn thase inhibitors were administered during anoxia, but not when administered after oxygen deprivation. These results suggest that untimely activation of NMDAR and nitric oxide release during anoxia produce delayed inhibition of L TP induction and may be involved in the memory defects that occur subsequent to cerebral hypoxia. Key Words: Anoxia-Hypoxia-Long term potentiation-N-methyl-D-aspartate (NMDA) receptors Nitric oxide-Hippocampal slices. mediated neuronal damage, nitric oxide synthase (NOS) appears to be activated and nitric oxide (NO) is released (Dawson et aI., 1991) . In agreement with this, we have observed that NOS inhibitors attenuate delayed NMDA mediated neuronal damage in rat hippocampal slices (Izumi et aI., 1992a) . Furthermore, evidence suggests the participation of NO in several forms of delayed neuronal damage, including ischemic and hypoxic brain injury (Akira et aI., 1994; Hamada et aI., 1994; Izumi et aI., 1996; Maiese et aI., 1994; Wallis et aI., 1992; Zhu and Erdemli, 1995) .
The NMDAR are involved not only in delayed neu ronal toxicity, but also in the induction of long-term po tentiation ( L TP) in the CAl hippocampal region (Col lingridge et aI., 1983) . However, untimely activation of NMDAR either by perfusion of low-magnesium solu tions (Coan et aI., 1989) or weak tetanic stimuli (Huang et aI., 1992) diminishes the ability of a strong tetanus to evoke lasting synaptic enhancement. Additionally, low concentrations of NMDA or agonists at NMDAR inhibit LTP (Izumi et aI., 1992b) . The inhibitory effects of NMDA on LTP are blocked by NOS inhibitors and he moglobin (Izumi et aI., 1992c) , suggesting that NO re leased by low-level NMDAR activation plays a key role in the inhibition . Consistent with this, administration of NO releasers inhibits L TP induction when a tetanus is delivered more than 1 hour after drug washout .
These observations suggest that NMDAR-mediated neurotoxicity and NMDAR-mediated LTP inhibition share common features, and that there may be pathologic conditions in which activation of NMDAR impairs neu ronal function in the absence of neurodegeneration. Dur ing hypoxia or ischemia, endogenous excitatory amino acids (EAA) are released extracellularly (Hegstad et a!., 1996; Lobner and Lipton, 1993; Rothman, 1983) . Ulti mately, these EAA participate in a cascade of events leading to neuronal death. However, brief bouts of hyp oxia may produce changes in EAA levels or EAA recep tor function that could alter mechanisms involved in syn aptic plasticity, either before or in the absence of sub stantial neuronal damage. Consistent with this view, brief episodes of brain hypoxia and ischemia have been reported to impair learning and memory in the absence of significant neuronal loss (Ando et a!., 1987) . This raises the possibility that the increases in extracellular EAA interfere with processes required for memory formation, perhaps through altered NMDAR function. Because LTP is a cellular mechanism believed to be involved in certain types of memory, we examine the effects of oxygen de privation on synaptic transmission and LTP generation in the CAl region of rat hippocampal slices.
MATERIALS AND METHODS
Slices from 76 male albino rats (postnatal day 30 ± 2, body weight 99.5 ± 22.4 g) were prepared from the septal half of the hippocampus using standard techniques . Rats were anesthetized with halothane and decapitated.
The hippocampus was quickly dissected into gassed (95% oxy gen-5% carbon dioxide) artificial cerebrospinal fluid (ACSF) containing (in millimolars): 124 NaCl, 5 KCI, 2 CaCI2, 22 NaHC03, 1.25 NaH2P04, 2 MgS04, and 10 glucose at a cold temperature (4° to 6°C). Transverse slices (500-fLm thick) were cut with a Campden vibratome (Campden Instruments Ltd, Sileby, Loughborough, U.K.). After recovery for at least 1 hour at 30°C in an incubation chamber, each slice was submerged in a constant flow (2 mUmin) recording chamber and maintained at 30°C during the course of the experiment. During periods of oxygen deprivation, the bath solution was changed to one of the same composition as the control ACSF but gassed with 95% nitrogen and 5% carbon dioxide.
Extracellular recordings were obtained from the apical den dritic layer of the CA 1 region using 5 to 10 mil glass electrodes filled with 2 mollL NaCl. Evoked synaptic responses were elicited with 0. 1-to 0.2-millisecond constant current pulses through a bipolar electrode placed in the Schaffer collateral commissural pathway. Excitatory postsynaptic potentials (EPSP) were monitored by applying single test pulses every minute at an intensity sufficient to evoke 50% to 60% of the maximal EPSP amplitude based on control input-output curves. The EPSP monitoring was interrupted 20 and 90 min utes after reoxygenation, and 20 and 60 minutes after tetanic stimulation to obtain complete input-output curves. The pro tocol for LTP induction consisted of a single electrical tetanus J Cereb Blood Flow Metab, Vol. 18, No.1, 1998 for I second at 100 Hz with the same intensity of stimulus used to monitor EPSP. The degree of synaptic enhancement reported in the text was measured as the change in the EPSP slope at the 50% point on the EPSP input-output curve 60 minutes after tetanic stimulation compared with the value obtained 10 to 20 minutes before the tetanus. Values in the text represent means ± SD, Only a single slice from each hippocampus was used for each group of experiments. The Mann-Whitney U test and Student's t test were used for comparisons between groups.
For histologic assessment, some slices were fixed in 1% paraformaldehyde and 1.5% glutaraldehyde overnight, embed ded in araldite, cut into I-fLm sections, and stained with meth ylene blue and azure II . 6,7-Dinitroquinoxaline-2,3-dione (DNQX) and 2-amino-5,6dihydro-6-methyl-4H-l,3-thiazine were purchased from Tocris 
RESULTS
The EPSP mediated by non-NMDAR were depressed completely by 20 minutes' substitution of nitrogen for oxygen in ACSF. However, during the 20-minute period of oxygen deprivation, hypoxic injury potentials (Fairchild et a!., 1988, Rader and Lanthorn, 1989; Wallis et a!., 1992) were not observed and reoxygenation was accompanied by full restoration of EPSP to baseline lev els within 20 minutes, After reoxygenation, EPSP re mained stable for at least 100 minutes (EPSP changes after 90 minutes of reoxygenation: -0.6 ± 7.8 %, N = 5). The failure to observe hypoxic depolarization and the full recovery of EPSP after reoxygenation indicate that the initial synaptic depression did not result from irre versible neuronal damage, Furthermore, 20 minutes of oxygen deprivation did not produce either acute (N = 3) or delayed histologic neurodegeneration 90 minutes after the insult (N = 4) in the CAl region of hippocampal slices (Fig, I) .
To examine the effects of hypoxia on LTP, nitrogen was substituted for oxygen for 20 minutes at various times before or after the delivery of tetanic stimulation. As reported previously (Arai et a!. 1990 ), oxygen depri vation immediately after tetanic stimulation inhibits LTP ( Fig. 2 ; change in EPSP slope 60 minutes after tetanus: +4.0 ± 3.2%, N = 4). However, oxygen deprivation for 20 minutes starting 30 minutes after tetanic stimulation did not alter previously established LTP ( Fig. 3 ; change in EPSP slope before and 60 minutes after oxygen de privation: +26.1 ± 7.8 %, +26.1 ± 3.9%, respectively, N = 4). When administered 20 minutes before the delivery of tetanic stimulation, oxygen deprivation failed to block L TP induction completely ( Fig. 4 ; changes in EPSP slope 60 minutes after tetanus: +22.9 ± 4.9%, N = 7), although the degree of potentiation was less than control values obtained in slices not exposed to oxygen depriva- tion (control LTP: +44.9 ± 28.0% change in EPSP slope, N = 8, P < 0.05). In contrast, L TP was inhibited com pletely when tetanic stimulation was delivered 100 min utes after reoxygenation ( Fig. 5 ; changes in EPSP slope: +5.1 ± 9.8%, N = 5). These results suggest that oxygen deprivation alters L TP induction in at least two ways: (l) an acute inhibi tion occurring during the period immediately after the tetanus, and (2) a delayed inhibition occurring more than 30 minutes after the end of oxygen deprivation. Previ ously, Arai and others (1990) found that the inhibition of L TP by oxygen deprivation immediately after theta-burst stimulation was blocked by 1,3-dipropyl-8-cyc10pentylxanthine (DPCPX), an adenosine Al receptor an tagonist. However, we observed that delayed L TP inhi bition was not blocked by DPCPX. In the presence of 200 nmoll L DPCPX, oxygen deprivation for 20 minutes produced only partial depression of EPSP, suggesting that adenosine release during hypoxic conditions contrib utes to acute synaptic depression ( Fig. 6 ). Despite the preservation of EPSP during oxygen deprivation, EPSP did not recover fully after reoxygenation (EPSP changes 90 minutes after reoxygenation compared with initial values: -35.5 ± 11.3%, N = 4, P < 0.001 compared with control recovery). Furthermore, LTP could not be in duced by tetanic stimulation delivered 100 minutes after reoxygenation ( Fig. 6 ; EPSP changes: -2.5 ± 16.8%, N Thus, it appears that delayed hypoxic LTP inhi bition is not mediated by activation of adenosine Al receptors, and differs from acute hypoxic L TP inhibition (Arai et aI., 1990) .
Because activation of NMDAR is critical for LTP in duction in the CAl region (Collingridge et aI.,1983) , we examined whether modulation of NMDAR by oxygen deprivation participates in delayed LTP inhibition. The NMDAR-mediated EPSP (NMDAR-EPSP) were moni tored in the presence of 30 /-Lmoll L DNQX, an antagonist of non-NMDAR, and 0.1 mmoll L magnesium. Similar to non-NMDAR-mediated EPSP, NMDAR-EPSP were de pressed completely by oxygen deprivation. During reoxygenation, the recovery of NMDAR-EPSP was promptly followed by a transient rebound potentiation lasting 20 minutes or less. Subsequently, NMDAR-EPSP returned to control levels ( Fig. 7 A; NMDAR-EPSP changes 60 minutes after oxygen deprivation: +4.2 ± 13.8 %, N = 7).
Because oxygen deprivation in the presence of DNQX and low magnesium may produce changes that differ from hypoxic exposure in control media, a second set of experiments was performed to examine whether oxygen deprivation in the standard control media containing 2 mrnol/ L magnesium alters NMDAR-EPSP ( Fig. 7B ). Af ter recording stable non-NMDAR-EPSP in control ACSF, the bath solution was switched to one containing 30 f.Lmoll L DNQX and 0.1 mmol/ L magnesium to allow study of isolated NMDAR-EPSP. The bath then was switched back to control solution until non-NMDAR EPSP recovered to baseline. Slices then were oxygen deprived for 20 minutes in control ACSF followed by reoxygenation for 20 minutes. The ACSF was changed back to the solution with DNQX and a low magnesium content to reexamine NMDAR-EPSP. In these experi ments, no significant change in NMDAR-EPSP was de tected ( Fig. 7B ; changes in non-NMDAR-EPSP: -1.0 ± 6.7%; changes in NMDAR-EPSP: -12.7 ± 10.6%, N = 5). It thus seems unlikely that the delayed inhibition of LTP results from sustained suppression of NMDAR.
The transient increase in NMDAR-EPSP during DNQX reoxygenation suggests that excessive or untimely acti vation of NMDAR might contribute to the delayed inhi bition of L TP. Administration of 100 f.Lmoll L D,L-amino phosphonovaleric acid (APV), a competitive NMDA an tagonist, during oxygen deprivation did not significantly alter the time course of EPSP changes during and after oxygen deprivation (Fig. 8) . However, tetanic stimula tion delivered 100 minutes after the hypoxic exposure reliably produced L TP in these slices (changes in EPSP slope: +41.9 ± 14.6%, N = 5, P < 0.001 compared with anoxic controls). This suggests that activation of NM DAR during the hypoxic insult results in the failure of L TP induction. Because the L TP inhibition produced by untimely NMDAR activation is calcium-dependent (Izumi et aI., 1992b) , we also examined whether activa tion of low and high voltage-activated calcium channels contributes to delayed hypoxic L TP inhibition using 50 f.Lmoll L nickel and 20 f.Lmoll L nifedipine. When admin istered during oxygen deprivation, neither nickel nor ni fedipine reversed delayed L TP inhibition (data not shown, changes in EPSP slope 60 minutes after tetanic stimulation: +4.4 ± 6.6% and -9.3 ± 6.1 % for 50 f.Lmol/ L nickel and 20 f.Lmol/ L nifedipine, respectively, N = 4 each).
Since L TP induction was not blocked completely when tetanic stimulation was delivered within 30 min- In either case, APV had no effect on the depression or recovery of EPSP. Tetanic stimulation delivered 100 minutes after oxygen deprivation produced LTP when APV was administered during oxygen deprivation (open circles) but not when APV was administered only during reoxygenation (filled circles). The traces depict EPSP obtained at the times indicated on each wave in slices treated with APV during oxygen deprivation (left rows) and during reoxygenation (right row). Calibration bar: 5 milliseconds, 1 mV.
utes after reoxygenation, the inhibitory effect of NM DAR activation appears to require time to mature after oxygen deprivation. To examine the possibility that the harmful effects of NMDAR activation occur after reoxy genation, APV was administered immediately after, rather than during, oxygen deprivation. When APV was administered only during the recovery period, tetanic stimulation induced a short-term potentiation that faded to baseline within 60 minutes ( Fig. 8 ; changes in EPSP slope: +4.3 ± 6.7%, N = 4). The failure to observe LTP when APV was administered only during reoxygenation did not result from failure to remove the drug because control slices exposed to APV for a similar period ex hibited robust synaptic enhancement (+43.7 ± 7.6% change in EPSP slope, N = 3). These results indicate that the untimely NMDAR activation responsible for de layed L TP inhibition occurs during the period of hypox ia, although the subsequent biological events appear to occur more slowly.
In previous studies, we found that NOS inhibitors pre vent NMDAR-mediated LTP inhibition (Izumi et aI., 1992c) . To examine the involvement of NO in hypoxic L TP inhibition, 100 f.Lmoll L L_N G -monomethylarginine (L-NMMA), a competitive and broad-spectrum NOS in hibitor, was administered during or after oxygen depri vation. Unlike APV, L-NMMA did not depress NM DAR-EPSP (changes in EPSP slope: -1.2 ± 22.5 %, N = 6). Administration of L-NMMA during oxygen depri vation did not significantly alter the suppression or re covery of EPSP (changes in EPSP slope 90 minutes after J Cereb Blood Flow Metab, Vol. 18, No.1, 1998 reoxygenation: -5.3 ± 26.2%, N = 5). However, LTP was successfully induced by tetanic stimulation deliv ered 100 minutes after oxygen deprivation ( Fig. 9 ; changes in EPSP slope: +26.6 ± 13.6%, N = 5, P < 0.05 compared with anoxic controls). The effects of L � NMMA on hypoxic L TP inhibition were reversed by coadminis tration of 1 mmoll L L-arginine, a substrate for NOS ( Fig.  9 ; changes in EPSP slope: +6.1 ± 7.8%, N = 5). More over, 3 f.Lmoll L L-nitroarginine-methyl-ester (NAME), another broad-spectrum NOS inhibitor, overcame the ef fects of hypoxic exposure when administered during oxygen deprivation ( Fig. 10 ; changes in EPSP slope: +31.7 ± 18.6%, N = 5, P < 0.05 compared with anoxic controls). 7-Nitroindazole (100 f.Lmol/ L), a more selec tive inhibitor of neuronal NOS (Babbedge et aI., 1992) that inhibits ischemic neuronal damage (Izumi et aI., 1996; Yoshida et aI. 1994) , overcame the LTP inhibiting effects of oxygen deprivation and allowed LTP induction by tetanic stimulation delivered 70 minutes after reoxy genation ( Fig. 11; +31 .0 ± 10.1 % change in EPSP slope, N = 5, P < 0.05 compared with anoxic controls: +0.1 ± 12.7% change, N = 4). In contrast, 2-amino-5,6dihydro-6-methyl-4H-l,3-thiazine (100 nmoIl L), a po tent inhibitor of inducible NOS (iNOS) (ICso = 3.6 nmoll L, Nakane et aI., 1995) , did not reverse the effects of oxygen deprivation (changes in EPSP slope: +4.1 ± 3.3%, N = 4, data not shown). These results suggest that the delayed inhibition of L TP produced by oxygen de privation is most likely mediated by NO release after the activation of NMDAR and neuronal NOS. To determine whether NO is a delayed messenger me diating hypoxic inhibition of L TP, 100 J.Lmoll L L NMMA was administered after oxygen deprivation. As we found previously (Izumi et aI., 1992c) , 100 J.Lmoll L L-NMMA by itself did not block LTP induction (changes in EPSP slope: +40.6 ± 38.1 % and +38.3 ± 18.9 % when L-NMMA was administered for 10 or 90 minutes before tetanic stimulation, N = 5 and 6, respectively). Also, L-NMMA was not effective in reversing hypoxic LTP inhibition when administered during the period of reoxy genation before tetanic stimulation ( Fig. 12 ; changes in EPSP slope: +2.5 ± 17.9%, N = 4). Likewise, L-NMMA administered 10 minutes before tetanic stimulation did not reverse the hypoxic inhibition of L TP (changes in EPSP slope: -0.9 ± 5.3%, N = 4). Thus, we conclude that the activation of NOS that produces L TP inhibition occurs before reoxygenation.
The delayed effects of NO on L TP induction were studied further using sodium nitroprusside (SNP), a NO releaser. We have previously shown that administration of 10 J.Lmoll L SNP for 10 minutes blocks LTP induction by tetanic stimulation delivered during SNP administra tion (Izumi et aI., 1992c ). In the current study, tetanic stimulation was delivered at two times after 20 minutes' exposure to 10 J.Lmoll L SNP (Fig. 13) . Although LTP was successfully induced by tetanic stimulation deliv ered 30 minutes after washout of SNP (changes in EPSP slope: +35.8 ± 6.0%, N = 4), LTP was induced only in one of five slices when tetanic stimulation was delivered 100 minutes after the washout of SNP (+4.2 ± 18.3%, N = 5, P < 0.05).
DISCUSSION
Mental deterioration and amnesia are important clini cal sequelae in survivors of cerebral hypoxia. After se vere episodes of hypoxia, neuronal loss clearly contrib utes to changes in cognitive function. However, milder insults that do not produce significant neuronal damage also can result in memory problems. In some cases, par--145' cont r ol FIG. 10 . Effects of L-nitroar ginine-methyl-ester (NAME) on delayed hypoxic L TP inhibition. The delayed inhibition of L TP was overcome by 3 IJmoi/L NAME ad ministered during oxygen depriva tion. Traces depict EPSP at times indicated on each wave. Calibra tion bar: 5 milliseconds, 1 mV. . This L TP inhibition was reversed by 100 iJmol/L 7-nitro-indazole (7-NIA), a specific inhibitor of brain NOS, administered during oxygen deprivation (open circles). Traces on the right depict EPSP from a slice treated with 7-NIA before (upper trace) and 60 minutes after oxygen deprivation (middle), and 60 minutes after tetanic stimulation (lower). The traces on the left show EPSP from a slice not treated with 7-NIA. Dashed traces are control EPSP obtained before oxygen deprivation. Calibration bar: 5 milliseconds, 1 mV. ticularly after carbon monoxide exposure, the memory deficits become manifest over time (Grinker et aI., 1926 , Deckel 1994 . The mechanisms underlying the delayed neurologic effects of hypoxia are not clear (Hardy and Thorn, 1994) . Because LTP is a leading candidate to be a mechanism involved in certain forms of memory, this process may be useful for determining how hypoxia im pairs mnemonic function.
To investigate the effects of hypoxia on L TP, we used 20 minutes of oxygen deprivation in rat hippocampal slices. Synaptic responses were depressed completely during the anoxic period but recovered fully after reoxy genation. Whereas 20 minutes oxygen deprivation with glucose reduction produces severe neuronal damage (Izumi et aI., 1996) , oxygen deprivation alone did not result in histologic deterioration (Fig. 1) . Prior studies using rodent hippocampal slices show variable degrees of recovery of synaptic transmission after relatively brief anoxic episodes, ranging from little recovery (Opitz and Reymann 1991; Schurr et ai., 1987; Wallis et ai., 1992) to complete restoration (Canhao et ai., 1994; Chen et ai., 1996; Yoneda and Okada, 1989) . To produce irreversible loss of population spikes in the CA 1 region during 40 minutes of hypoxia, Clark and Rothman (1987) found it necessary to increase the bath temperature from 30° to 34°C and lower the glucose concentration from 10 to 7 mmoll L. Similar adverse effects of low glucose and higher temperature have been described by others (Tay lor and Weber, 1993; Zhu and Erdemli, 1995) . In our experiments performed at 30°C, it took 10 to 15 minutes for oxygen deprivation to depress EPSP completely. During the period of oxygen deprivation, we did not observe hypoxic depolarization, a predictor of irrevers ible cell damage after hypoxia (Somjen et ai., 1993) , and EPSP were restored completely to control levels 20 min utes after reoxygenation. Recovery of synaptic transmis sion during reoxygenation is reported to be accelerated by NMDAR antagonists and NOS inhibitors (Chen et ai., 1996; Opitz and Reymann, 1991; Zhu and Erdemli, 1995) . Perhaps because our conditions for hypoxia are mild and perhaps because of the young age of the rats used in the current study, we did not observe significant effects of APV or NOS inhibitors either during oxygen deprivation or during the reoxygenation period. Although 20 minutes of oxygen deprivation did not reverse previously established LTP, hypoxia impaired L TP induction in two ways. First, L TP was inhibited when tetanic stimulation was followed immediately by 20 minutes of oxygen deprivation (Fig. 2) . Second, L TP could not be induced when tetanic stimulation was de-livered 70 to 100 minutes after oxygen deprivation (Fig. 5) . Because L TP can be induced by tetanic stimulation delivered 30 minutes after hypoxic treatment (Fig. 4 ), it appears that the mechanisms underlying the delayed L TP inhibition differ from those involved in the immediate posttetanic inhibition of LTP. Indeed, delayed LTP inhi bition was not altered by DPCPX, an adenosine receptor antagonist that blocks the effects of oxygen deprivation immediately after theta-burst stimulation (Arai et ai., 1990) . During oxygen deprivation, DPCPX did reduce the depression of EPSP (Canhao et ai., 1994) . However, the subsequent recovery of synaptic responses was only partial, suggesting that preservation of synaptic function during oxygen deprivation does not necessarily result in better recovery after the insult. As suggested by Boissard and coworkers (1992) , suppression of synaptic transmis sion by adenosine may promote recovery of neuronal function after oxygen deprivation.
We initially suspected that delayed hypoxic L TP in hibition may result from persistent depression of NM DAR after oxygen deprivation. Prior studies report that NMDAR-EPSP are more sensitive to hypoxic insults and recover more slowly after reoxygenation than non NMDAR-EPSP (Canhao et ai., 1994) . However, we found that NMDAR-EPSP recovered completely after 20 minutes of hypoxia and exhibited a transient facilitation during the recovery period. This makes it unlikely that delayed hypoxic L TP inhibition results from a decrement in NMDAR function. We next considered whether ex cessive or untimely activation of NMDAR during or af ter hypoxic insults inhibits L TP induction, since prior studies have shown that excessive activation of NMDAR results in a failure in L TP production. For example, te tanic stimulation delivered in the presence of low mag nesium fails to induce LTP (Coan et aI., 1989; Izumi et aI., 1992c) , and perfusion of low concentrations of NMDA or agonists at NMDAR blocks L TP induction (Izumi et aI., 1992b) . We previously reported that the inhibitory effects of NMDA are mediated by NO release (Izumi et aI., 1992c) . Consistent with this, we found that delayed hypoxic L TP inhibition is blocked by APV and NOS inhibitors.
Since NMDAR-EPSP are transiently facilitated after hypoxic exposure (Gozlan et aI., 1994) , tetanic stimula tion after oxygen deprivation could result in excessive activation of NMDAR and NO release. In the current study, however, we failed to observe persistent anoxia mediated changes in NMDAR-EPSP with our 20-minute hypoxic paradigm. Although the use of APV during reoxygenation was limited by its known inhibitory ef fects on L TP induction, we observed that administration of APV during, but not after, oxygen deprivation pre vented delayed hypoxic inhibition of L TP. This suggests that the activation of NMDAR during oxygen depriva tion is critical for the delayed effects on L TP induction.
Several lines of evidence suggest that activation of NMDAR is involved in the neurologic sequelae that fol low anoxic insults (Patel et aI., 1992; Rothman et aI., 1987; Schurr et aI., 1995; Zhu and Erdemli, 1995) . Fur thermore, the cerebral edema due to carbon monoxide poisoning is ameliorated by ketamine, an antagonist of NMDAR (Penney and Chen, 1996) . The activation of NMDAR during carbon monoxide poisoning is followed by excessive NOS activity (Ischiropoulos et aI., 1996) , which may result in neuronal damage. Additionally, L NMMA, a NOS inhibitor, improves recovery of neuronal function after anoxic insults (Wallis et aI., 1992) . Taken together, these studies support the idea that a cascade involving NMDAR and NOS is involved in the delayed effects of oxygen deprivation.
Although NO has been proposed to be a retrograde messenger for L TP induction (Schuman and Madison, 1993) , conflicting results have been reported by investi gators when experiments are conducted at temperatures above room temperature (Williams et aI., 1993; Banner man et a1. 1994) . Using slices kept at 30°C, we previ ously found that L-NMMA and L-nitroarginine did not inhibit L TP induction (Izumi et aI., 1992b ). In the current study, administration of 100 fLmoll L L-NMMA during reoxygenation failed to overcome the inhibitory effects of oxygen deprivation on L TP induction, although L NMMA administered during oxygen deprivation blocked the delayed inhibition of LTP. Because L-NMMA does not inhibit NMDAR (Schuman and Madison 1993 , cur rent study), it seems unlikely that an effect on NMDAR contributes to the mechanism by which L-NMMA pre vents delayed LTP inhibition. Rather, our results suggest J Cereb Blood Flow Metab, Vo!' 18, No.1, 1998 that the release of NO triggered by the activation of NMDAR during hypoxia leads to the delayed inhibition of L TP induction. Furthermore, the reversal of L TP in hibition by 7-NIA suggests that neuronal NOS is a key contributor. Although iNOS may contribute to CNS damage after ischemia, significant iNOS activity is not detected until 2 days after ischemia (Yoshida et aI., 1994) . Furthermore, NOS activity peaks between 15 minutes and 2 hours after ischemia and is sensitive to 7-NIA (Strosznajder and Chalimoniuk, 1996) . Coupled with the fact that an iNOS inhibitor failed to reverse hypoxic L TP inhibition, these observations make it un likely that iNOS contributes significantly to the effects reported here.
Just as the delayed hypoxic inhibition of L TP is dis tinct from acute hypoxic L TP inhibition, the delayed in hibition of L TP by SNP (Fig. 9 ) should be differentiated from its acute effects (Izumi et aI., 1992c) . We previ ously observed that long-term depression of EPSP by 100 fLmol/ L SNP was followed by a failure of L TP in duction . Importantly, 100 fLmoll L active SNP does not depress NMDAR-EPSP (Izumi et aI., 1993) , suggesting that the delayed inhibi tion of L TP by 10 fLmol/ L SNP does not result from inactivation of NMDAR. Furthermore, NO appears to hamper LTP induction slowly after release. Thus, NOS inhibitors may have variable effects when administered after an episode of acute cerebral hypoxia, depending on the timing of NOS activation. This is of practical impor tance because therapeutic intervention is possible only after the insult in most cases of hypoxia-ischemia. Al though NMDAR antagonists appear to be of limited value when administered after ischemic insults (Nellgard et aI., 1991; Dezsi et aI., 1994) , a neuronal NOS inhibitor has been shown to reduce infarct volume after transient ischemia if injected after reperfusion (Zhang et aI., 1996) . Additionally, administration of NAME after reperfusion diminishes memory deficits after transient ischemia (Ohno et aI., 1994) . In the current study, how ever, a NOS inhibitor administered after hypoxic expo sure failed to restore L TP induction, suggesting that de layed administration of NOS inhibitors may not be ef fective in preventing the memory impairment that follows brief or milder bouts of hypoxia. Nevertheless, better understanding of the biological targets of NO may lead to therapeutic strategies that are effective in the posthypoxic period.
